This study compares the performance of the Quickscreen and Default protocols of the ILO-96 Otodynamics Analyzer in recording transient evoked otoacoustic emissions (TEOAEs) from adults using clinical decision analysis. Data were collected from 25 males (mean age = 29.0 years, SD = 6.8) and 35 females (mean age = 28.1 years, SD = 9.6). The results showed that the mean signal-to-noise ratios obtained from the Quickscreen were significantly greater than those from the Default protocol at 1, 2, and 4 kHz. The comparison of the performance of the two protocols, based on the results using receiver operating characteristics curves, revealed a higher performance of the Quickscreen than the Default protocol at 1 and 4 kHz but not at 2 kHz. In view of the enhanced performance of the Quickscreen over the Default protocol in general, the routine use of the Default protocol for testing adults in audiology clinics should be reconsidered.
D espite the widespread use of TEOAEs, there are no internationally accepted standards regarding test protocol and pass/fail criteria in TEOAE analysis (Kemp et al, 1990; Norton et al, 2000) . The Otodynamics ILO-96 otoacoustic emissions analyzer, commonly used in audiology clinics, allows clinicians to select either the Default or Quickscreen protocol in recording TEOAEs. Both protocols utilize broadband acoustic click stimuli in the nonlinear mode of 0.08 msec duration. However, the Default protocol measures responses over a time window of 2.5 msec to 20.5 msec with a click rate of 50 per second, whereas the Quickscreen setting employs a reduced recording time window of 2.5 msec to 12.5 msec with a click rate of 80 per second.
Presently, the Default protocol has frequently been utilized for testing adults (e.g., Robinette, 1992; Hurley and Musiek, 1994; Musiek et al, 1995; Engdahl, 2002; Engdahl and Tambs, 2002) . In the initial stages of the development of TEOAEs, the Default protocol was utilized for all testing, due to its ability to record TEOAEs in the lower frequency range (e.g., < 1 kHz). In 1993, however, White and colleagues reported the successful application of the Quickscreen protocol in testing newborns in the Rhode Island Hearing Assessment Project. Since then, the Quickscreen protocol has gained wide acceptance for the assessment of infants due to its resilience to noise (both ambient and subject-generated noise) Driscoll et al, 1999) . Furthermore, the Quickscreen protocol takes less time to complete in neonates than the Default protocol . This reduction in test time may render the Quickscreen protocol more feasible and successful in assessing the auditory function of neonates and children with special needs Maxon et al, 1996; Nicholas et al, 1999; Andersson et al, 2000; Driscoll et al, 2002) .
The Quickscreen has been found to excel over the Default protocol in eliciting more robust TEOAEs from adults in the presence of an excessive background noise (Rhoades et al, 1998; Smith et al, 2001) . Despite the advantage of the Quickscreen over the Default protocol in noisy environments, no systematic investigation of the performance of the two protocols when applied to adults in a clinical setting has been reported. A preliminary study, which investigated the effects of time-windowing on TEOAEs obtained from adults, was conducted by Whitehead and colleagues (1995) . In that study, the TEOAE responses were reanalyzed post hoc using different time windows. They showed that, relative to the Default setting, the 2.5-7.5 msec and 2.5-9.0 msec time windows reduced noise levels more than TEOAE amplitudes, thus resulting in increased signal-to-noise ratios (SNR) and greater reproducibility values. They predicted that decreasing the response time window might increase the measurement efficiency of TEOAEs in adults and enhance clinical test performance. However, measures of clinical test performance have not been reported.
The present study compared the efficacy of long (Default) versus shortened (Quickscreen) recording time windows in TEOAE testing of adults in a typical clinical setting (in a sound-treated room with very low ambient noise levels). In particular, the test performance of the two protocols was evaluated using clinical decision analysis (Swets, 1988) .
METHOD Participants
Twenty-five males (mean age = 29.0 years, SD = 6.8, range = 20-44) and 35 females (mean = 28.1 years, SD = 9.6, range = 18-51) volunteered to participate in this study. Participants were recruited from the staff members and students of the University of Queensland, Australia. Written consent was obtained from all participants prior to testing. Adults with a moderate hearing impairment (pure-tone average [at 0.5, 1, and 2 kHz] > 40 and ≤ 55 dB HL) or worse, irrespective of the type of loss, were excluded from the present study because TEOAEs would be absent for hearing losses greater than 40 dB HL (Collet et al, 1991; Robinette, 1992) .
Procedure
In addition to the TEOAE test, otoscopy, pure-tone audiometry, and tympanometry were performed for each participant to gather more information about the auditory status of the participant. The TEOAE test was carried out in a sound-treated room with an ambient noise level of 37 dBA (with the ILO-96 Otodynamic Analyzer and desktop computer turned on), as measured by a Brüel and Kjaer (type 2235) sound level meter. This noise level was considered acceptable for the TEOAE testing of adults (Rhoades et al, 1998) . All other tests were conducted in another sound-treated room with an ambient noise level of 24 dBA. Otoscopy was performed first, followed by pure-tone audiometry, tympanometry, and TEOAE testing.
Otoscopy
Otoscopic examination was performed using a handheld otoscope to check for blockage of the ear canal and signs of outer ear abnormality.
Tympanometry
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Analyzer with a probe tone of 226 Hz was used. Ears with a type A tympanogram (middle-ear pressure between +50 daPa and -100 daPa, and static compliance between 0.3 ml and 1.6 ml), as defined by Jerger (1970) , were awarded a pass. All other tympanometric types, including type Ad (static compliance > 1.6 ml), were considered a "fail" result.
Pure-Tone Audiometry
An Interacoustics AC30 clinical audiometer with TDH-39 headphones was used to obtain air-conduction pure-tone thresholds. Thresholds at 0.5, 1, 2, and 4 kHz were obtained from both ears of each participant using the Hughson-Westlake procedure. For the purpose of the present study, pure-tone thresholds of 15 dBHL or better were considered normal (Clark, 1981; Hall, 2000) . This pass criterion for pure-tone audiometry served as the "gold standard," with which TEOAE results were compared.
TEOAE Testing
All TEOAE data were acquired using the Otodynamics ILO-96 otoacoustic emissions analyzer, installed on a desktop computer. A foam-tip (type R9.5F) was attached to the probe assembly and placed firmly into a participant's ear canal. The probe check-fit procedure was performed prior to the commencement of each test.
Broadband clicks of 0.08 msec duration in the nonlinear mode were used for both the Default and Quickscreen protocols. The Default and Quickscreen protocols delivered clicks at a rate of 50/sec and 80/sec, respectively. The stimulus intensity level used for both protocols was tightly controlled and targeted at 80 ± 1 dB pSPL. The equivalence of stimulus intensity levels for both protocols is essential to ensure that any difference in TEOAE results would not be attributed to a difference in stimulus levels. The intensity level was readjusted before commencing data collection if the level fell outside of this range. The noise rejection level was set at the default value of 47.3 dB for all participants for both protocols.
Once the test protocol was selected, recording began, and the tester monitored the stability of the probe and stimulus during the test. The ILO-96 program automatically terminated TEOAE recording after 260 quiet responses were collected. To control for order effects, 30 participants were tested using the Quickscreen protocol first, followed by the Default protocol, while the other 30 participants were tested using the two protocols in the reverse order.
RESULTS
T
he stimulus intensity level for both the Default and Quickscreen protocols was tightly controlled. As a result of this restriction, five ears were excluded from the study because the difference in stimulus levels in the same ears between the protocols exceeded 2 dB. Hence, the results for the remaining 115 ears were analyzed.
Otoscopic results of the 115 ears were normal. Tympanometry findings were normal, with the exception of three ears showing static compliance values greater than 1.6 ml. Pure-tone audiometry findings revealed 17 ears with thresholds exceeding 15 dB HL (considered a "fail" result in this study) at one or more frequencies. Five failures occurred at 1 kHz, six at 2 kHz, and 10 at 4 kHz. The highest threshold obtained across the frequencies tested was 35 dB HL. The mean thresholds at 1 kHz for males and females were 4.3 dB HL (SD = 3.9) and 6.7 dB (SD = 6.5) respectively. Mean threshold at 2 kHz for males was 2.8 dB HL (SD = 5.6) and for females was 5.8 dB HL (SD = 6.5), and mean threshold at 4 kHz for males was 6.1 dB HL (SD = 7.5) and females 6.9 dB HL (SD = 6.5). An independent samples t-test to compare pure-tone thresholds across gender revealed significant differences at 1 kHz [t(113) = -2.34, p = 0.02] and 2 kHz [t(113) = -2.58, p = 0.01], with p < 0.05 denoting significance. However, no significant difference across gender was found at 4 kHz. Table 1 shows mean values for stimulus intensity, stimulus stability, percent of quiet responses, reproducibility (the value of the cross-correlation between the A and B waveforms expressed as a percentage), test time (as appeared on the computer screen), noise (the average sound pressure level detected by the probe microphone), response (the overall level of the correlated portions of the A and B response waveforms), and AB difference (the average difference between the A and B waveforms, the level of energy represented by the cross-hatched area of the response Fast Fourier Transform window) for the Quickscreen and Default protocols of the TEOAE test. A paired samples t-test was applied to the variables across the protocols. The results revealed a significant difference (with Bonferroni adjustment) in the reproducibility, test time, noise, response, and AB difference. Figure 1 displays the mean TEOAE SNR values for both protocols (Quickscreen and Default) and genders (male and female) at 1, 2, and 4 kHz. As shown, a higher mean SNR is observed for females and for the Quickscreen protocol. In particular, the differences in mean SNRs between the two protocols at 1, 2, and 4 kHz are 3.1, 5.2, and 3.8 dB respectively for males, and 2.5, 3.9, and 3.6 dB respectively for females. An analysis of variance (ANOVA) with SNR at 1 kHz as the dependent variable, and gender (male/female) and protocol (Quickscreen/ Default) as independent variables was performed. The results showed a significant effect for protocol [F(1,107) = 42.1, p < 0.001] with Quickscreen showing greater SNR than the Default protocol. There was no significant gender effect. The gender × protocol interaction was significant [F(1,107) = 4.7, p = 0.03], indicating that the effect of protocol Figure 2 displays the percentage of ears with TEOAE SNR less than 3 dB for both protocols and pure-tone threshold greater than 15 dB HL at 1, 2, and 4 kHz. According to Prieves et al (1993) , Lichtenstein and Stapells (1996) , and Harrison and Norton (1999) , the use of 3 dB SNR as the cutoff best separates normal and hearing-impaired ears. As shown in Figure 2 , the percentage of ears that did not attain an SNR of 3 dB as determined by the Default protocol is higher than that determined by the Quickscreen protocol at both 2 and 4 kHz. A significant difference in percentages was found at 2 kHz only ( 2 = 7.89, df = 1, p = 0.005). At 1 kHz, however, the opposite result was found, with the percentage obtained by the Default protocol being marginally lower than that obtained by the Quickscreen protocol.
To compare the performance of the two protocols, a clinical decision analysis was applied to the data (see Turner [1991] for a description). In this analysis, TEOAE results (Quickscreen and Default protocols) were compared with pure-tone air-conduction threshold results to produce receiver operating characteristics (ROC) curves. The ROC curve is a plot of true positive rate (hit rate [HR]) against false positive rate (false alarm [FA] ) for different criteria. SNR criteria at each test frequency were set at ≥ -3, 0, 2, 3, 4, 5, 6, 7, 10, 13, 16, 19, 21, 23, or 25 dB to be classified as a pass. Pure-tone thresholds were required to be no worse than 15 dB HL to be classified as a pass. The ROC curves for 1, 2, and 4 kHz are depicted in Figures 3, 4 , and 5 respectively, with the corresponding HR, FA, efficiency index (EF, percentage of
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Figure 2
Percentage of ears with signal-to-noise ratio < 3 dB for the two TEOAE protocols (Quickscreen/Default) and pure-tone threshold >15 dB HL as a function of frequency (N = 115 ears).
Figure 3
ROC plot for TEOAE signal-to-noise ratio at 1 kHz obtained with an audiometric criterion at 1 kHz for normal of 15 dB HL (N = 115 ears).
Figure 4
ROC plot for TEOAE signal-to-noise ratio at 2 kHz obtained with an audiometric criterion at 2 kHz for normal of 15 dB HL (N = 115 ears). In contrast to the findings at both 1 and 4 kHz, the Default performed better than the Quickscreen protocol at 2 kHz. At this frequency, the ROC curve (shown in Figure  4) shows the optimal test performance for the Default protocol at HR = 83.3% and FA = 17.4%, corresponding to an SNR value of 5 dB. The optimal test performance for the Quickscreen protocol, as revealed in Appendix 2, corresponds to an SNR value of 10 dB, with HR = 50.0% and FA = 14.7%. 
DISCUSSION
T he main aim of the present study was to compare the efficacy of both the Quickscreen and Default protocols for use with adults in a typical clinical setting. The results indicated that the Quickscreen protocol yielded consistently more robust TEOAEs, in terms of higher mean reproducibility (see Table 1 ) and SNRs (see Figure 1) , when compared to the Default protocol. The difference in mean SNR across the two protocols for the same gender ranged from 2.5 to 5.2 dB. At least three factors may have influenced the TEOAE results. First, there were differences in the analysis time window, with the Default and the Quickscreen protocols sampling the TEOAE responses from 2.5 to 20.5 msec and from 2.5 to 12.5 msec respectively. As reported by Whitehead and colleagues (1995) , by reducing the time window, ambient and physiologic noise with broad frequency components will be reduced uniformly (across frequencies) while TEOAEs at the low frequencies will be decreased. The present study supports their results by revealing a decrease of 5 dB in the mean AB difference (noise floor) and a reduction of 2.4 dB in the mean response (TEOAE amplitude), when the Quickscreen was compared to the Default protocol. The lower AB difference value of the Quickscreen protocol, also reported by Rhoades et al (1998) and Smith et al (2001) in the quiet condition, reflects a lower noise contamination in the TEOAEs recorded by the Quickscreen than the Default protocol.
Second, the difference in stimulus intensity levels between the two protocols could have influenced the TEOAE results. However, the stimulus presentation level was tightly controlled in the present study, with no significant difference in stimulus intensity registered between the two protocols (see results from Table 1 ). Another related factor, which may have the potential to influence the stimulus characteristics, is probe stability (movement of the probe tip during TEOAE recording). This factor, however, was tightly controlled, as the present study did not reveal a significant difference in stimulus stability between the two protocols.
Third, the difference in the stimulus presentation rate between the two protocols could have affected TEOAE results. The increased click rate of the Quickscreen protocol allowed for more signals to be averaged within a given time, resulting in a reduction in noise contamination of the TEOAEs. The exact amount of noise reduction resulting from the increase in click rate of the Quickscreen could not be determined, based on the data from the present study. However, the amount of noise reduced can be estimated mathematically. For instance, the ratio of the number of samples averaged (within a given time) by the Quickscreen to that by the Default protocol is 1.6 (80/50). Hence, the mean noise level should decrease by 2 dB (10 × log 1.6).
As expected, the lower SNR recorded by the Default protocol resulted in a higher failure rate (using a "< 3dB" fail criterion) when compared to that of the Quickscreen protocol and pure-tone audiometry (using a "threshold >15dB fail criterion) (see Figure  2) . A significantly higher percentage of failure for the Default than the Quickscreen protocol was observed at 2 kHz. However, this trend of difference in percentages between the two protocols was not evident at 1 kHz, possibly because of the ambient and physiologic noise at this frequency (Tognola et al, 1995; .
The results from the ROC curve analysis offer further evidence of the enhanced performance of the Quickscreen over the Default protocol in testing adults. Analyses of the results at 1 and 4 kHz revealed significantly greater sensitivity, specificity, and efficiency for the Quickscreen than for the Default protocol (see Figures 3 and 5) . However, this finding was not replicated at 2 kHz. Reasons for this apparently inconsistent finding remain to be explored.
Perhaps this is a special characteristic of the auditory function of this cohort of participants. Another possibility is the small sample size of the present study with an inherently large variability. In general, the above findings indicate the enhanced performance of the Quickscreen over the Default protocol in testing adults.
The present study revealed a significantly longer test time for the Quickscreen than for the Default protocol, contrary to previous findings obtained from neonates . This could be due to the fact that adults produce less physiologic noise than infants. With this low physiologic noise, the percentages of noisy responses rejected by the two protocols were about the same. This claim is supported by the insignificant difference in percent quiet responses between the two protocols (see Table 1 ). Although the Quickscreen protocol took longer test time to complete in adults in the present study, the difference was small (7.3 seconds) and would likely have little impact on a clinical session.
CONCLUSION
T he present study identified significant differences in TEOAEs when using the Quickscreen protocol versus the Default protocol for adult diagnostic testing. Specifically, when the Quickscreen protocol was used, both the TEOAE amplitude and the noise floor were reduced, with the latter showing a greater reduction than the former. Hence, the Quickscreen resulted in larger SNRs at 1, 2, and 4 kHz compared to the Default protocol. The results from the ROC curve analysis offer further evidence of the enhanced performance of the Quickscreen over the Default protocol in testing adults, particularly at 1 and 4 kHz. In view of the enhanced performance of the Quickscreen over the Default protocol in general, the routine use of the Default protocol for testing adults in audiology clinics should be reconsidered. 
